Abstract
Introduction
Ž . Tumor necrosis factor alpha TNF-a or TNF , a cytokine mainly produced by activated macrophages, is cytotoxic towards a variety of tumor cell types. Depending on the cell type and circumstances, TNF Ž killing results either in necrosis or apoptosis pro-. grammed cell death ; the latter process being essential for normal immune function, embryonic develop-ment and tissue homeostasis. Many different mechanisms, either alone or in combination, can account for TNF-induced killing, including generation of destructive free radicals, poly ADP-ribosylation, synthesis of arachidonate metabolites, changes in intracellular calcium, and activation of phospholipases, sphinw x gomyelinases and proteases 1 . Recently, it became apparent that cleavage of so-called death substrates by cysteine proteases in the interleukin-1b-convert-Ž . Ž . ing enzyme ICE family caspases plays a central role in the main death pathways activated by many w x stimuli, including TNF 2 .
The excessive formation of reactive oxygen species Ž . ROS caused by oxidative stress is another mediator w x of TNF-induced apoptosis 3 . Several apoptosis-inducing treatments including radiation, anti-neoplastic drugs as well as TNF, induce the formation of ROS w x in a variety of different cell types 3,4 . ROS are unstable, partially reduced forms of oxygen such as Ž y . Ž . superoxide radical O , hydroxyl radical POH and 2 Ž . hydrogen peroxide H O . In most cells, the pri- 2 2 mary source of ROS is the electron transport system, and it has been shown that depletion of mitochondrial electron transport abrogates the cytotoxic effect of w x TNF 5 . ROS are generated continuously in respiring cells and are involved in lipid peroxidation, protein denaturation and DNA damage, all of which are potentially lethal events. Normally, the cell controls ROS through a protective network referred to as the antioxidant defence, which includes enzymes such as Ž . manganous superoxide dismutase MnSOD , copper Ž . zinc superoxide dismutase CuZnSOD , catalase and glutathione peroxidases. Therefore, it is assumed that apoptosis involving ROS occurs as the result of an increase in ROS production andror the decrease of the antioxidant defence. In this respect, it was shown that overexpression of the MnSOD could partially w x protect cells from TNF cytotoxicity 6 . Bcl-2, another cellular protective protein may function to prew x vent apoptosis by scavenging ROS 7,8 . However, bcl-2 may also prevent cell death by a mechanism other than its antioxidative function, since it promotes survival of cells in anaerobic conditions and rescues Ž cells that lack mitochondrial DNA and therefore
. w x respiration 4,9 . Several other proteins have also been implicated in protecting cells from TNF cytotoxicity including NF-k B, plasminogen activator in-Ž . hibitor type 2 PAI-2 , A20 zinc finger protein and Ž . heat shock protein 70 hsp 70 , but their mechanism w x of action is poorly understood 1,10 .
It is assumed that all tumor cells have the ability to undergo apoptosis, suggesting that the apoptotic program itself always remains intact and merely becomes more difficult to trigger in resistant cells. It is known that the vast majority of tumor cells examined are resistant to TNF, and only the treatment of these cells with TNF in the presence of inhibitors of transcription or translation such as actinomycin D or cycloheximide renders them sensitive to TNF cytotoxicity. Together with the fact that most of the above described protective proteins only confer partial resistance to TNF-induced killing, these observations suggest that other as yet undefined proteins may play a protective role.
We have recently cloned and characterized a novel, oxidative stress-induced protein from Arabidopsis Ž . thaliana Oxy5 which rescues bacterial cells from w x oxidative stress caused by peroxide 11 . As TNF induces the formation of ROS and oxidative stress is one pathway by which TNF exerts its cytotoxic effect, we addressed the question of whether the expression of this novel plant protein might also protect mammalian cells from TNF-induced apoptosis, and if so, by what mechanism.
Experimental procedures

Cell lines, reagents and antibodies
Hela D98 carcinoma cells were maintained in Ž . RPMI 1640 supplemented with 10% vrv FCS, 10 mM glutamine, and 50 mg each of streptomycin and w x penicillinrml 12 . TNF was recombinant human TNF-a with a specific activity of 4 = 10 7 unitsrmg Ž . of protein. 4-Methyl umbelliferone 4-MUF , 4-Ž . methyl umbelliferyl glucoside 4-MUFglu , xanthine, Ž . Ž xanthine oxidase and 2-4-iodophenyl -3-4-. Ž . nitrophenol -5-phenyltetrazolium chloride INT were purchased form Sigma Chemical. The polyclonal an-Ž . tibodies to MnSOD and CurZnSOD raised in sheep were purchased from Calbiochem and the polyclonal antibody to Oxy5 was raised in rabbits as previously w x described 11 .
Preparation of cell extracts and Western blotting w x
Cell extracts were prepared as described 13 . Electrophoresis and Western blotting were performed as w x described 12 using the primary antibodies at a 1:1000 dilution. The secondary antibody was phosphatase-labeled donkey anti-sheep immunoglobulin G Ž . Sigma Chemical and was used as a 1:5000 dilution. . untreated well = 100.
Measurement of O
y production by Different cell numbers of the various cell lines were used to determine the optimal cell number required for the detection of superoxide, which was w x essentially performed as previously described 14 . The Waters W470 flow cell fluorescence spectrophotometer was employed for this assay with the excitation filter set to 360 nm, emission filter to 448 nm, time filter to 1.5 s and attenuation to =1. At each time point, the cells were centrifuged at 100 = g for 4 min, and the supernatant was injected into the flow cell to determine the steady-state fluorescence intensity.
In order to compare the amount of superoxide released by the various cell lines, a Beckman LS2 fluorescence spectrophotometer was employed. The cell suspensions were adjusted to a volume of 3 ml Ž 6 . 5 = 10 cellsrml in PBS containing 8 mM 4-MUFglu. After determination of the background fluorescence, TNF-treated and untreated cells were added and incubated at room temperature with constant shaking for various periods of time. The fluorescence Ž intensity of the supernatant harvested at each time . point by centrifugation at 100 = g for 4 min was measured in a 3-ml cuvette. After each reading, the supernatant was returned to the corresponding cell suspension, mixed and re-incubated until the next time point.
Calibration curves for the Waters W470 flow-cell fluorescence spectrophotometer and the Beckman LS2 fluorescence spectrophotometer were predetermined by reading the fluorescence obtained with known concentrations of the fluorescent 4-MUF. From the calibration curves, the concentration of superoxide released by the various cell lines was determined by referring to the amount of fluorescence obtained.
Measurement of MnSOD enzymatic actiÕity
A standard protocol for the measurement of SOD Ž . activity was performed Randox Lab., N. Ireland and is based on the generation of superoxide radicals by xanthine and xanthine oxidase, which then react with INT to form a red formazan dye. SOD activity in cell lysates is determined by the degree of inhibition of this reaction. The cell lysates were mixed with 50 mM xanthine, 25 mM INT, 0.1 units xanthine oxidase, 1 mM NaCN in 10 mM potassium phosphate Ž . buffer pH 7.0 containing 0.1 mM EDTA. Ab-Ž . sorbance A was measured after 5 min at 505 nm, and the percentage inhibition of xanthine oxidase was calculated according to the following formula.
As the MnSOD and the CurZnSOD can be distinguished by their differential sensitivity to cyanide, it was assumed that the enzymatic activity in the samw x ples reflects the activity of the MnSOD 15 .
Results
Expression of the oxy5 gene renders HeLa D98 cells resistant to TNF-induced apoptosis
We have recently cloned and characterized a novel, oxidative stress-induced protein from A. thaliana Ž . Oxy5 which rescues D oxyR Escherichia coli muw x tants from H O -induced oxidative stress 11 . Since 2 2 oxidative stress is a mediator of TNF cytotoxicity w x 4,16 , we investigated the possibility that Oxy5 may also protect human tumor cells from TNF-induced apoptosis. Therefore, we stably transfected the full-Ž . length 1.2 kb oxy5 cDNA into the highly TNF-sensitive HeLa D98 carcinoma cell line which was shown ( )previously to die by apoptosis upon TNF stimulation w x 12,13 . Several G418-resistant clones were isolated, and three were analyzed in detail for oxy5 expression, as well as for TNF susceptibility. All three Ž . clones referred to as D98rO.5-1, -4, -7 expressed Ž similar high levels of oxy5 mRNA Fig. 1A , lanes . Ž . 1-3 and Oxy5 protein Fig. 1B, lanes 1-3 . As previously described, the full-length oxy5 cDNA encodes a 36.2-kDa protein with an isoelectric point of w x 5.34 11 . This is consistent with the apparent molecular mass obtained from the immunoblot of oxy5-ex-Ž . pressing HeLa D98 cells Fig. 1B . Although the Oxy5 protein was previously shown to share a high degree of homology to the annexin protein superw x family and especially to human annexin I 11 , neither the cDNA for oxy5 nor the antibody to Oxy5 crossreacted with any endogenous mRNA or protein Next, we determined TNF susceptibility of HeLa D98rO.5 transfectants. Expression of oxy5 rendered all three clones almost completely resistant to the cytotoxic activity of TNF when the TNF cytotoxicity assay was performed in the absence of cycloheximide Ž . Fig. 1C . Whereas, the highest TNF concentrations, 10 and 100 ngrml, specifically killed 55 to 67% of parental HeLa D98 cells and D98 cells transfected with vector alone, these same TNF concentrations killed only ; 5 to 17% of the three D98r0.5 clones Ž . Fig. 1C . In contrast, when the TNF cytotoxicity assay was performed in the presence of cycloheximide, the three oxy5-expressing clones were killed to the same extent as parental or vector-transfected Ž . Hela D98 cells data not shown , indicating that expression of oxy5 is required for the protection of HeLa D98rO.5 cells from the cytotoxic activity of TNF.
Decreased superoxide production and eleÕated
MnSOD mRNA and protein leÕels in oxy5-expressing HeLa D98 cells w x As Oxy5 can counteract oxidative stress 11 , we examined the possibility that the acquired TNF resistance of D98r0. gesting that the expression of oxy5 leads to the inhibition of superoxide production in HeLa D98rO.5 cells. Although Oxy5 itself exhibits a peroxidase-like w x activity 11 , it is highly unlikely that an enzyme responsible for the reduction of H O to water is 2 2 involved in the observed inhibition of superoxide production in D98rO.5 cells. On the other hand, the TNF-inducible MnSOD, another component of the antioxidant defence system, is a more likely candidate for this role, since it was shown that overexpression of this enzyme protects cells from TNF cytotoxiy w x city probably via dismutation of O 6 . Therefore, 2 we analyzed MnSOD expression and found that Mn-SOD mRNA was present in untreated D98rO.5 cells, whereas it was almost undetectable in untreated Ž parental or vector-transfected HeLa D98 cells Fig. . 3A,B . Moreover, TNF treatment resulted in a sharp increase in the expression of MnSOD in all the cell lines examined, which was most pronounced in the D98rO.5 clones. All three transfectants expressed 2-to 3-fold higher MnSOD mRNA levels than both Ž . control cell lines Fig. 3A ,B . Consistent with the Northern data, MnSOD protein was more abundant and induced to a higher level by TNF in D98rO.5 cells than in parental D98 or vector-transfected D98 Ž . cells Fig. 4 ; upper panel . In contrast to MnSOD, the CurZnSOD is known to be constitutively expressed w x w x 17 and is not induced by TNF treatment 18 . In agreement with these observations, we found that TNF did not affect the expression of the CurZnSOD Ž . Ž . mRNA Fig. 3C,D 
EleÕated MnSOD enzymatic actiÕity in oxy5-expressing HeLa D98 cells
To confirm that the elevated MnSOD mRNA and protein expression levels correlate with an increased activity of this enzyme, we performed a SOD activity assay which is based on the ability of cell lysates containing SOD to inhibit the generation of O y by 2 xanthine oxidase. As shown in Fig. 5 , cell lysates from unstimulated D98rO.5 clones contained a 2-to 3-fold higher xanthine oxidase inhibitory activity as compared to both control cell lines. As expected, TNF treatment resulted in a significant increase of enzymatic activity in all cell lines, with the D98rO.5 clones showing a ; 2-fold higher activity as compared to the parental and the vector-transfected HeLa D98 cells. Since the reactions were carried out in the presence of 1 mM NaCN, which is known to inhibit w x the CurZnSOD but not the MnSOD 15 , the values are assumed to reflect MnSOD activity.
Discussion
Oxidative stress, due to the formation of ROSs, plays a crucial role in the cytotoxic pathways of TNF w x y 5,16 , and proteins like the O scavenging enzyme 2 MnSOD and some members of the growing bcl-2 family are known to protect cells from oxidative stress and, hence, from TNF-induced cytotoxicity w x 6-8 . However, in most cases, only a partial protective effect was observed, supporting the possibility that other unidentified proteins play an important role in this process. In this report, we have shown that the expression of a novel Arabidopsis thaliana protein protects human tumor cells almost completely from TNF-induced apoptosis, and that this protection was accompanied by increased MnSOD expression and activity and decreased O y levels. Increased TNF 2 resistance of Oxy5-expressing HeLa D98 cells is unlikely to be the result of clonal variation, since none of 8 independent HeLa D98 clones transfected with the vector alone showed any change in susceptibility to the cytotoxic activity of TNF. TNF is known to induce MnSOD expression, whereas mRNAs of other antioxidant enzymes such as CurZnSOD, catalase, and glutathione peroxidase are constitutively expressed and are not altered folw x lowing TNF treatment 18 . In agreement with this report, we have shown that TNF treatment dramatically induced MnSOD expression in all cell lines examined, whereas the expression of CurZnSOD remained unchanged. Moreover, HeLa D98 cells stably transfected with the oxy5 gene expressed 2-to Ž . 3-fold higher levels of MnSOD but not CurZnSOD mRNA, protein, and enzymatic activity as compared to parental HeLa D98 cells or D98 cells transfected with the vector alone. Elevated MnSOD levels were detected in both TNF-treated and untreated HeLa D98rO.5 cells, suggesting that besides TNF, Oxy5 is also capable of inducing MnSOD gene expression. Whether this induction occurs via direct or indirect pathways is presently unknown. In addition, supernatants of HeLa D98rO.5 cells contained substan- 2 2 by mitochondrial glutathione, but it appears that this system is not sufficient to completely protect cells from TNF killing. Recently, we have shown that the 30 N-terminal residues of Oxy5 are similar to the heme-binding domain of plant peroxidases that bind H O via the heme group and catalyze its breakdown 2 2 w x and detoxification 11 . We also demonstrated that oxidative stress induced the synthesis of Oxy5 in plants, and that both a bacterially expressed as well as a plant-purified Oxy5 gene product exhibited perw x oxidase-like activity 11 . Based on these findings and our present results that Oxy5 almost completely protects cells from TNF-induced apoptosis, it is tempting to speculate that Oxy5 is involved in the Ž y . detoxification of both ROSs O and H O both 2 2 2 indirectly via the induction of MnSOD and directly via its intrinsic peroxidase-like activity. However, studies have shown that various enzymes involved in the detoxification of ROSs, including peroxidases, are not induced by TNF and are also not increased in w x cell lines overexpressing MnSOD 6,18 , suggesting that MnSOD-overexpressing cells must be able to deal with an increase in mitochondrial H O without 2 2 increasing H O -scavenging enzymes. Therefore, it 2 2 is unlikely that the peroxidase-like activity of Oxy5 plays a direct role in the protection of cells against TNF cytotoxicity. Does Oxy5 induce a corresponding MnSOD activity in A. thaliana? In support of this assumption, it was shown that plant cell death resembles animal programmed cell death and furthermore, that several signaling components such as G proteins, NADPH oxidase, H O , mitogen-activated protein 2 2 Ž . kinases MAPK and Myb transcription factors have been shown to be associated with or participate in both animal and plant defense responses, suggesting conserved signaling pathways for host defenses in w x diverse higher eukaryotes 21 . However, additional experiments are necessary to examine whether Oxy5 induces a corresponding MnSOD activity in A. thaliana, and whether in HeLa cells other Oxy5 functions, besides its capability to induce MnSOD expression, play a role in the efficient protection from the cytotoxic activity of TNF.
Besides its partial similarity in sequence and function with plant peroxidases, Oxy5 has a strong homology with the annexin gene family and especially Ž with the human annexin I protein also known as
. w x lipocortin I 11 . Annexins are a ubiquitous family of more than 15 structurally related, calcium-dependent, phospholipid-binding proteins present in eukaryotic w x cells 22 . All annexins have a highly conserved core domain consisting of either a four-or eightfold repeat of ; 72 amino acids, whereas the N-terminal domain is unique for each member. This led to the assumption that the N-terminal domain determines specific biological functions of individual annexins, which are, however, not well defined. Annexins are believed to be involved in such diverse functions as membrane trafficking and exocytosis, blood coagulation, membrane-cytoskeletal interactions, mitogenic signal transduction, and growth control and differenw x tiation 23-28 . In addition, annexin I was implicated as a second messenger of the anti-inflammatory activw x ity of glucocorticoids 29 , including activities such w x as the inhibition of neutrophil migration 30 and ( )Ž . binding and inhibition of phospholipase A2 PLA 2 w x 31 . Interestingly, TNF signaling leads to the activaw x tion of PLA 32,33 , and inhibition of PLA was 2 2 correlated with resistance to TNF-mediated cytotoxicw x ity 34,35 . For the following reasons, however, it is unlikely that the annexin-like Oxy5 protein confers resistance to TNF via binding and inhibition of PLA 2. First, the inhibitory effect of annexin I on PLA 2 activity has been questioned and the topic remains w x controversial 36 . Second, all cell lines involved in this study, as well as the highly TNF-resistant HeLa w x H21 cell line 12,13 expressed indistinguishable amounts of PLA protein, and third, Oxy5 antibodies Although Oxy5 shares a strong homology with human annexin I, our findings and other evidence suggest that annexin I may not be the functional human homolog of Oxy5. Neither the oxy5 cDNA nor antibodies to Oxy5 detected any endogenous cellular mRNA or protein, respectively, in parental HeLa D98 cells. Moreover, the human annexin I Ž . protein ; 35 kDa was equally expressed in the TNF-sensitive HeLa D98 and TNF-resistant HeLa Ž . H21 cell lines R.U.J., unpublished . There is also Ž . evidence that lipocortin I annexin I may not be w x involved in TNF cytotoxicity 37 . However, preliminary experiments in our laboratory showed that antibodies to Oxy5 strongly crossreact with a protein of ; 55 kDa which is only present in the TNF-resistant Ž . cell line HeLa H21 R.U.J., unpublished . This protein is much larger than most of the mammalian Ž . annexins ; 35 kDa with the exception of annexin Ž . VI ; 70 kDa . It would be interesting to determine whether this ; 55 kDa protein is the mammalian homolog to Oxy5, and if it can function in the same manner as Oxy5 in protecting cells from TNF cytotoxicity.
In summary, we have shown that an oxidative stress-induced A. thaliana protein can protect human tumor cells from TNF cytotoxicity. The fact that Oxy5 can exhibit this protective effect in such diverse organisms as plants, bacteria and mammalian cells provides further evidence for an evolutionary conserved pathway in counteracting oxidative stress. 
